Novel Photochromic Crown Ethers for Incorporation into [2]Pseudorotaxanes by Reynolds, Michael
University of Windsor 
Scholarship at UWindsor 
Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 
10-5-2017 
Novel Photochromic Crown Ethers for Incorporation into 
[2]Pseudorotaxanes 
Michael Reynolds 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/etd 
Recommended Citation 
Reynolds, Michael, "Novel Photochromic Crown Ethers for Incorporation into [2]Pseudorotaxanes" (2017). 
Electronic Theses and Dissertations. 7291. 
https://scholar.uwindsor.ca/etd/7291 
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 
	 
 
Novel Photochromic Crown Ethers for Incorporation Into  
[2]Pseudorotaxanes   
 
 
 
 
 
By: 
Michael Ryan Reynolds 
 
 
 
 
 
A Thesis 
Submitted to the Faculty of Graduate Studies 
Through the Department of Chemistry and Biochemistry 
In Partial Fulfillment of the Requirements for 
The Degree of Master of Science 
At the University of Windsor 
 
Windsor, Ontario, Canada 
 
© 2017 Michael Ryan Reynolds 
 
	“Novel Photochromic Crown Ethers for Incorporation into 
[2]Pseudorotaxanes” 
 
By: 
 
 
Michael Ryan Reynolds 
 
 
APPROVED BY: 
 
 
__________________________________________________ 
D. Haffner 
Great Lakes Institute for Environmental Research 
 
__________________________________________________ 
S. H. Eichhorn 
Department of Chemistry & Biochemistry 
 
__________________________________________________ 
S. Loeb, Advisor 
Department of Chemistry & Biochemistry 
 
 
 
        September 14, 2017 
 
 
	DECLARATION OF CO-AUTHORSHIP 
I hereby declare that this thesis incorporates material that is result of joint research 
as follows: Project design was developed by Dr. Stephen Loeb, Dr. Kelong Zhu and Dr. 
Giorgio Baggi. Synthetic experiments were designed by the author with additional input 
given by Dr. Kelong Zhu and Dr. Giorgio Baggi. All experiments and characterization were 
conducted by the author with the exception of high resolution mass spectrometry run by 
Dr. Janeen Auld, and single crystal X-ray diffraction experiments run by Dr. Kelong Zhu 
and Dr. Giorgio Baggi. 
I am aware of the University of Windsor Senate Policy on Authorship and I certify 
that I have properly acknowledged the contribution of other researchers to my thesis, and 
have obtained written permission from each of the co-author(s) to include the above 
material(s) in my thesis.  
I certify that, with the above qualification, this thesis, and the research to which it 
refers, is the product of my own work. 
I certify that, to the best of my knowledge, my thesis does not infringe upon 
anyone’s copyright nor violate any proprietary rights and that any ideas, techniques, 
quotations, or any other material from the work of other people included in my thesis, 
published or otherwise, are fully acknowledged in accordance with the standard referencing 
practices. Furthermore, to the extent that I have included copyrighted material that 
surpasses the bounds of fair dealing within the meaning of the Canada Copyright Act, I 
certify that I have obtained a written permission from the copyright owner(s) to include 
such material(s) in my thesis and have included copies of such copyright clearances in my 
Appendix.  
	I declare that this is a true copy of my thesis, including any final revisions, as 
approved by my thesis committee and the Graduate Studies office, and that this thesis has 
not been submitted for a higher degree to any other university or institution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	ABSTRACT 
The development of synthetic molecules that exhibit reversible photoswitchable 
properties has become a topic of interest in many fields of research including (but not 
limited to) their incorporation into photochromic devices and molecular photoswitches. 
This thesis investigates the efficacy of two novel macrocycles synthesized based on two 
separate classes of photoswitches. 
Chapter 1 outlines an introduction into both the topics of mechanically interlocked 
molecules and their relationship to supramolecular chemistry as a whole, as well as the 
theory and overview of photoswitchable compounds in chemistry. 
Chapter 2 outlines the development of an azobenzene-based crown ether wheel 
and its association with a series of electron poor axles including the synthesis of a novel, 
complementary alkyne axle that was designed to freely allow cis/trans isomerism in an 
effort to synthesize a photoswitchable, [2]Pseudorotaxane. 
Chapter 3 outlines the synthesis of a bis(thienyl)ethene derived photoswitchable 
macrocycle and a related model compound and its ability to interact with a series of 
electron poor axles for the preparation of a novel, photoswitchable [2]Pseudorotaxane. 
 Chapter 4 describes all the experimental data. This includes the synthetic 
procedures involved in the preparation of an extensive series of starting materials and 
synthetic intermediates as well as the preparation and testing of two novel, photoswitchable 
crown ether-based macrocycles. 
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	Chapter 1 - Mechanically Interlocked Molecules and Photoswitchable Systems 
1.1 Introduction to Supramolecular Chemistry 
 For centuries, chemists have shown the unique ability to synthesize and 
characterize a variety of complex molecules; examining both their chemical and physical 
properties, and utilizing their discoveries to further not only their own disciplines, but 
countless others. Chemistry as a field contains many sub-specialties, each with their own 
variations on the main discipline. The sub-discipline of supramolecular chemistry has 
given researchers the ability to design complex molecular systems that are held together 
by intermolecular forces, instead of strictly through covalent bonding.1 This 
multidisciplinary field was first described by Jean-Marie Lehn as “chemistry beyond the 
molecule”, and therefore requires a much broader understanding of chemistry as a whole.  
 Supramolecular chemists must have a wealth of knowledge in both organic and 
inorganic chemistry for synthetic purposes, and physical chemistry to acquire information 
about the properties of their synthesized compounds.2 The field truly came to light in 1987 
when Pedersen, Cram and Lehn were awarded the Nobel Prize in Chemistry for their 
discoveries.3 The synthesis of supramolecular compounds relies directly on the principles 
of self-assembly, in which the structural building blocks of a molecule contain the 
appropriate information for spontaneous self-assembly. The ability of linked or separated 
components to spontaneously form ordered aggregates is known as self-assembly, as 
described by George Whitesides.5  
 In terms of molecular self-assembly, the molecules may be the same or different 
and the interactions between the molecular components are typically non-covalent 
interactions..6  The concept has been extremely useful in chemistry, in particular for 
	synthetic methodologies7, 8, the formation of molecular crystals9, and self-assembled 
monolayers.10 
 These systems also make use of non-covalent interactions through molecular 
recognition, with the potential for eventually interlocking two or more compounds through 
covalent bond formation. Complexation in host-guest systems is driven by a series of non-
covalent interactions including hydrogen bonding, π-π stacking, electrostatic interactions, 
hydrophobic interactions and metal coordination.4  
 
1.2 Mechanically Interlocked Molecules (MIMs) 
1.2.1 Pseudorotaxanes and Rotaxanes 
 The term pseudorotaxane is used to describe a particular type of host-guest complex 
created through a series of favourable non-covalent interactions. A pseudorotaxane is 
composed of two or more complementary molecules that form an interpenetrated species 
which is in equilibrium with its constituent components. These complexes are made up of 
an electron poor molecule, typically termed the “guest” and an electron-rich molecule, 
typically termed the “host”.1 It should be noted that a difference between rotaxanes and 
pseudorotaxanes is that rotaxanes are both interpenetrated and interlocked while 
pseudorotaxanes are reported as interpenetrated species in equilibrium with their 
components.11 
	 
Figure 1.1: Structural Diagram of Wheel and Axle Interacting to Form a [2]Pseudorotaxane 
 The nomenclature of these mechanically interlocked molecules (MIMs) is quite 
simple; the sum of the number of wheel and axle components is recorded prior to the name 
of the compound.12 For example, a [2]Rotaxane made up of one axle and one wheel is 
shown below in Figure 1.2:		
 
Figure 1.2: Structural Diagram of a [2]Rotaxane Exhibiting Rotational Motion 
 Through manipulation of non-covalent interactions and the addition of bulky 
stopper groups, the pseudorotaxane can be modified to prevent the macrocyclic ring from 
slipping off, creating a [2]Rotaxane. These complexes are described as mechanically 
interlocked.13 These systems still contain non-covalent interactions however, the addition 
of permanently interlocked topology prevents the wheel from sliding off thus, a covalent 
bond found in one of the components would have to be broken in order to return to the 
original separate constituents. Rotaxanes are prepared primarily by two main synthetic 
methods: capping a pseudorotaxane with bulky stopper groups14 or clipping of the 
	macrocyclic wheel around a dumbbell shaped axle.15 Figure 1.3 displays the two methods 
of clipping and capping.  
 
 
Figure 1.3: Schematic Diagram Showing: a) Capping Method and b) Clipping Method 
 As seen above in Figure 1.3a the two components (wheel and axle) are not 
interlocked permanently and exist in an equilibrium of associated and non-associated 
species. The addition of bulky stopper groups then permanently interlocks the wheel onto 
the axle creating an interlocked species. Figure 1.3b alternatively shows the clipping 
method of rotaxane synthesis in which the wheel is formed around a dumbbell shaped axle 
via a ring closing metathesis. In order to utilize this method, a recognition site must exist 
on the axle in order for the pre-macrocycle to interact with before the ring closing occurs. 
The Loeb research group has previously studied a series of appropriate recognition sites, 
including, but not limited to: bis(pyridinium)ethane16, benzyl-anilinium17, and more 
recently, imidazolium and benzimidazolium groups.18 Precursors to crown ether wheels 
can then undergo a ring closing metathesis reaction using the Grubb’s 1st generation 
catalyst, followed by catalytic hydrogenation to reduce the residual olefin.17  
	 As mentioned, the Loeb research group has studied numerous templating motifs in 
order to understand and utilize appropriate recognition sites within axles of interlocked 
molecules. Recently, the discovery of the 2,4,7-triphenylbenzimidazolium cation has 
provided an ingenious and rare example of an organic compound with a rigid core 
displaying a 90° turn. Noujeim et al. showed the increased affinity of this axle for crown 
ether wheels to form a [2]Pseudorotaxane in comparison to simpler benzimidazolium or 
imidazolium cations.19  
 
1.2.2 Non-Covalent Interactions Between Crown Ether Wheels and Axles 
 The association of a crown ether wheel with an electron poor axle occurs due to 
several non-covalent, intermolecular interactions occurring between the two species. For 
example, when crown ether rings are in the presence of an imidazolium-derived recognition 
site, the interaction between the two occurs via two types of hydrogen bonding; NH⋯O 
interactions, as well as CH⋯O interactions. The cationic nature of the benzimidazolium 
axle also induces ion-dipole interactions through the N+⋯O ion-dipole interaction to further 
aid in the association between the two species.  
 T-shaped axles also exhibit π-π interactions to further increase association with any 
aryl substituted crown ethers (notably dibenzo[24]crown-8). Figure 1.4 below illustrates 
the contributions of a combination of all of the aforementioned intermolecular non-
covalent interactions aiding in an increased association constant between the wheel and 
axle. 
	 
Figure 1.4: Schematic of Intermolecular Non-covalent Interactions Between Substituted Triphenylbenzimidazolium 
Axle and dibenzo[24]Crown-8 Wheel19  
 
 The use of this particular motif in the Loeb group has offered the possibility of 
functionalizing the axle through the introduction of substituents on the peripheral aromatic 
rings.  Depending on the electronic nature of these groups, the non-covalent interactions 
are either strengthened or weakened accordingly. When either R1 or R2 (Figure 1.4) are 
electron poor, an increase in association constant is observed due to the increased acidity 
of the hydrogen bond donors as well as the overall charge increase on the benzimidazolium 
rings.19 However, should electron donating groups be incorporated, the opposite trend is 
noted as expected and the intermolecular interaction between the wheel and axle is greatly 
reduced depending on how electron rich the substituents are.  
 
 
 
 
 
 
 
	1.3 Molecular Machines 
 When defining a “molecular machine”, it is vital to include the fact that these 
compounds have the ability to perform unidirectional mechanical movement (or work), or 
a net positional displacement.20 This makes the control of the machines individual 
components vital. Rotaxanes are excellent “model compounds” toward the synthesis of 
molecular machines because of their incredible tunability, interlocked nature, and their 
ability to act as molecular switches. Furthermore, the possibility to induce the movement 
of the wheel along the axle through the application of external stimuli in a rotaxane leads 
to the possibility of bistability and switching. Therefore, through the understanding and 
control of mechanically interlocked molecules (specifically rotaxanes), the potential to 
design and synthesize complex molecular machines is no longer fantasy.  
 
1.3.1 Molecular Switches and Shuttles 
 [2]Rotaxanes open the possibility to access molecular shuttles, capable of switching 
between different translational co-conformations..21 Through the implementation of at least 
two recognition sites on the axle, the rotaxane has the ability to act as a switch through the 
shuttling  of the wheel between one or more of these recognition sites. The design and 
creation of a shuttle with two recognition sites is of great interest due to the system’s ability 
to act as a molecular switch by having a macrocycle shuttle back and forth. Should both 
recognition sites possess the same binding affinity for the wheel, the system is deemed 
“degenerate”, having the wheel spend equal amounts of time at either recognition site. 
However, should the axle’s recognition sites possess unequal binding affinities, the system 
can be manipulated through several means, effectively creating an externally controlled 
	switch. The system is bistable with a pair of binary states “0” and “1” in which the rotaxane 
can exist.  
 When dealing with degenerate recognition sites, shuttling rates can be manipulated 
by different interactions between the two components in the system. In the Loeb research 
group, the previously synthesized bis(benzimidazolium) axle was tested with several crown 
ether macrocycles, and operated successfully as a degenerate molecular shuttle.22  
 
Figure 1.5: H-Shaped bis(benzimidazolium) [2]Rotaxane Shown With Various Crown Ether Wheels 
 As shown above in Figure 1.5, the rigid H-shaped axle can interact with several 
different crown ether wheels of various shapes and sizes. The various [2]Rotaxanes were 
obtained by initially forming the [2]Pseudorotaxane followed by the capping method to 
obtain the [2]Rotaxane.22 Through the use of variable temperature (VT) 1H NMR studies, 
the association constants for the [2]Pseudorotaxanes were determined and showed a 
correlation between the wheel and axle interaction and yield of rotaxane formation. This is 
because the stronger the non-covalent interactions between the two components, the larger 
the energy barrier must be to free the wheel and shuttle to another recognition site.22 
	 Rotaxanes with non-degenerate recognition sites can then be designed to act as a 
reversible switch with the macrocycle being controlled via external stimulus. The wheel’s 
position can, in turn, be manipulated between different co-conformations through several 
stimuli including: electrochemical23, chemical24 or photochemical.25,26  
 In 1994, Stoddart, Kaifer, and co-workers were able to effectively synthesize the 
first bistable [2]Rotaxane molecular shuttle.23 This [2]Rotaxane contains a flexible 
polyether axle with two p-electron rich aryl recognition sites able to donate to an electron 
poor tetracationic cyclophane consisting of two bis(pyridinium) units bridged between       
p-xylyl spacing groups.  
 
Figure 1.6: Schematic Diagram of a Bistable [2]Rotaxane Molecular Shuttle 
 Shown above in Figure 1.6 are the two co-conformations of the shuttle as their 
switching is manipulated chemically with the addition of either acid or base (TFA or 
pyridine) or (not shown) electrochemically through a one electron oxidation of the 
	benzidine station. Through the addition of acid (TFA in this case), the benzidine site is 
protonated and the unfavourable electrostatic repulsion between the electron poor wheel 
and (now) electron-poor recognition site causes a shuttling of the wheel toward the closest 
electron-rich site. This is shown at the bottom of Figure 1.6 as the wheel translocates along 
the axle to sit on the p-electron rich biphenyl recognition site. Conversely, when base 
(pyridine) is added, the wheel shuttles back to the original site, effectively reversing its 
translational motion with the “switch” reverting back to the “0” position.  
 Stoddart et al. studied the shuttling of the wheel through 1H NMR spectroscopy. 
When analyzing the spectra of the two stations, the aromatic protons on the biphenyl site 
were notably more shielded when the wheel shuttled to this station. Conversely, the 
addition of pyridine caused the wheel to shuttle back to the benzidine site and the 1H NMR 
spectra corroborated this. This work is important in the field of mechanically interlocked 
molecules as it was the first example of switchable, translational motion exhibited in a 
bistable system.23  
 
 
 
 
 
 
 
 
 
	1.4 Photochemistry 
1.4.1 Introduction 
 Photochromism is defined as a reversible transformation of a chemical species 
between two isomers having different absorption spectra induced in one or both directions 
via photoirradiation.27 Chemists have synthesized countless photochromes with a great 
number of variations based on different functionalities. Upon irradiation with light (usually 
UV, or visible), these compounds undergo isomeric conversion, in which they can alter 
their structures either via cis-trans isomerization, or via electrocyclization reactions.28  
 
1.4.2 Types of Photochromic Molecules 
 Photochromic compounds are interesting in the sense that they have the ability to 
undergo both a conformational change (sometimes quite rapidly) structurally, as well as a 
visible colour change when exposed to certain wavelengths of light, or in some cases, when 
heated.  
 
Figure 1.7: Several Examples of Common Photochromic Molecules27 
	 Figure 1.7 (above) shows four common and well-studied photochromic molecules. 
The upper two systems, the azobenzenes 1 and spiropyrans 2 convert efficiently from the 
left side isomer (thermodynamic products) to the products on the right (not thermally 
stable) with ultraviolet light exposure. A colour change is noted in these systems as they 
change from yellow to orange, and colourless to blue respectively. As mentioned, the two 
isomers on the right are thermally unstable and eventually revert back to their original form 
at room temperature in a dark room. These systems are known as T-type photochromic 
molecules indicating their thermal reversibility.29  
 More recently however, the creation and study of what are known as P-type 
photochromic compounds have begun to gather significant interest in the field of organic 
photochemistry. These P-type systems (thermally irreversible but photochemically 
reversible) are of great interest because of their thermal stability which is an indispensable 
property for the potential use of these compounds in optical memories, switches, actuators 
or molecular machines. Figure 1.7 displays two common examples of P-type 
photochromic molecules: the newer furylfulgides 3 and diarylethene 4 systems.30  
 
 
 
 
 
 
 
 
	1.4.3 Azobenzene 
 Azobenzene is a diazene (HN=NH) derivative in which the hydrogens are replaced 
by phenyl groups.31, 32 These compounds can exist in either a cis or a trans conformation. 
To accomplish this, azobenzene moieties can undergo a trans à cis isomerization 
following UV irradiation31-34, mechanical stress35,36 or electrostatic stimulation.37 
Conversely, the thermal reversion of the cis à trans conformation occurs spontaneously 
in the dark due to the higher thermodynamic stability of the trans isomer.33 Azobenzene 
also exhibits phenomenal photostability while showing negligible levels of decomposition 
even after prolonged irradiation with photoirradiation occurring at a much faster rate than 
thermal isomerization.38  
 Azobenzene-based systems are under kinetic control; after photochemical 
conversion, the spontaneous thermal reversion immediately begins to occur. It should be 
noted that the photochemical conversion rate is dependent on the intensity of the excitation 
beam.46 
 
Figure 1.8: Photochromism of Azobenzene Derivatives and Energetic Profile for the Switching Process46 
	 Although not fully understood, there are four commonly proposed isomerization 
mechanisms under which azobenzene converts between its two isomers. The four 
mechanisms—rotation, inversion, concerted inversion, and inversion-assisted rotation 
have been proposed as possible pathways for azobenzene photoisomerization.34,47-49  
 
 
Figure 1.9: Proposed Mechanisms for the trans à cis Isomerization of AB.38 
 What may seem as the most popular choice for mechanistic hypothesis is the 
rotational pathway, in which the N=N p-bond is ruptured to allow free rotation around the 
newly formed N-N bond.47 The inversion mechanism follows through a stepwise shifting 
of the N=N-C angle toward 180° while the C-N=N-C dihedral angle remains at 0°.48 During 
concerted inversion, both of the N=N-C bond angles increase to 180° for a linear transition 
state followed by a “tweezer-like” disrotatory closing of the phenyl substituents in which 
	the two phenyl groups eventually come toward one-another in a parallel fashion. Finally, 
via the inversion-assisted rotation mechanism, significant change in the C-N=N-C dihedral 
angle, followed by smaller changes in the N=N-C angles occur simultaneously to convert 
to the cis isomer.50 Each of these proposed mechanisms contain reasonable arguments 
towards their validity; which is why multiple isomerization pathways have often been 
invoked to explain experimental observations.50  
 Azobenzene and its derivatives are of significant interest because their 
photochromic properties have been utilized in many chemistry and materials science 
related areas including (but not limited to) light triggered switches in polymer chemistry,39 
incorporation into molecular machines,40,41 surface modified materials42 and metal ion 
chelators.43-45  
 
 
 
 
 
 
 
 
 
 
 
 
	1.4.4 Diarylethene 
 The diarylethene “family” of photochromic compounds are a newer class of P-type 
photoswitchable molecules derived from stilbene that are gaining significant interest in the 
field of organic photochemistry.27 These new systems are of great interest because of their 
increased thermal stability which is attributable to the insertion of five-membered 
heterocyclic rings containing lower aromatic stabilization energy.  
 There are several known characteristics of these diarylethene compounds which are 
attractive to chemists and materials scientists alike including (but not limited to) – the 
thermal stability between the two isomers (open and closed), their ability to be cycled 
between colouration and de-colouration >10,000 times; a very high quantum yield (close 
to 1) is observed in the majority of these systems in the forward, ring closing reaction, as 
well as their ability to undergo photochromic reactions in the single crystalline phase.27 
 The discovery of the photochromic diarylethene family occurred in the 1980’s 
accidentally through studying photoresponsive polymers and their presumed capabilities 
as organic electronic devices and novel organic materials.51,52 At this point, countless 
polymer compounds with photoisomerizable cores were explored including spiropyran, 
azobenzene, or stilbene. However, several unexpected outcomes due to the introduction of 
the aforementioned cores led to the eventual discovery of the diarylethene core and its 
incredible thermal stability. 
	 
  Figure 1.10: Synthesis of a Diarylethene-Based Polymer27 
 Photoinduced cyclization and cycloreversions between cyclohexadienes and 1,3,4-
hexatriene are classic examples of electrocyclic reactions; one of a series of pericyclic 
reactions explained by R.B. Woodward and Roald Hoffmann.54 The photochromism of 
diarylethenes is attributed to the reversible electrocyclization of its central 6p-electron 
system.53 The open-ring isomer of the diarylethene family has two possible conformations; 
the parallel and antiparallel conformations usually present in a 50:50 inseparable mixture 
in solution. However, the antiparallel conformation is the only of the two conformations 
that exhibits any photochemical activity. This is due to the absence of molecular orbital 
overlap from the p-orbitals of the aromatic “arms” in the parallel conformation. In the 
(crystalline) solid state however (dependent on packing), it should be noted that the 
functionalization of individual systems can be tuned in order to display only the anti-
parallel conformation, greatly simplifying spectroscopic analysis as the antiparallel system 
will rapidly cyclize under long-wave ultraviolet light (~354nm and usually on a 
femtosecond timescale).27  
	 
 
Figure 1.11:  Diagram of the Two Conformations of the Open-Ring Isomer of Diarylethene with Two Aryl Groups in 
Mirror Symmetry and C2 Symmetry, Called Parallel and Anti-Parallel27 
 
 Figure 1.11 (above) depicts a general diarylethene system in both antiparallel and 
parallel conformations in the open form. As previously mentioned, the parallel 
conformation is completely unable to undergo p-orbital overlap and is therefore 
photochemically inactive; whereas the antiparallel conformation is able to cyclize via a 6p-
electrocyclization through conrotatory motion, to yield quite rapidly the closed-ring isomer 
based on the Woodward-Hoffmann Frontier Molecular Orbital Theory.54 It should be noted 
that the stereochemistry of the 2-position substituents of the five-membered aromatic ring 
will always be observed trans to one another in the closed-ring isomer because of the 
conrotatory photocyclization allowed in the anti-parallel conformation. 
	 
Figure 1.12: 6p-Electron Conrotatory Motion under Photochemical Conditions 
  Figure 1.12 shown above depicts a symmetry allowed conrotatory 
photocyclization of a 6p-electron generic 1,3,5-triene open-ring isomer. Once irradiated 
with ultraviolet light, the orbital overlap results in a closed-ring isomer with trans 
stereochemistry. This system is thermally stable since the only stereochemically plausible 
opening reaction has to occur in a conrotatory fashion, which is symmetry forbidden under 
thermal conditions. However, upon irradiation with visible light, the system will eventually 
revert back to its open-ring isomer. The above Figure 1.12 shows a mechanistic example 
of how diarylethenes undergo photochemical electrocyclization and cycloreversion.  
 
1.4.5 Photoswitchable Macrocycles 
 Over the past half century, macrocyclic chemistry has developed into a major field 
of supramolecular chemistry due to its scientific and technological importance.56 
Macrocyclic host molecules containing photochromic units are an interesting class of 
compounds, which can act as basic frameworks for unique molecular switches.55 The idea 
behind the incorporation of a photochromic core into a macrocyclic structure lies in the 
	ability to adjust the spatial cavity that the macrocycle creates through an external stimulus. 
This can lead to a host of potential applications including (but not limited to); ion transport, 
molecular recognition and release, switchable nanochannels, and photoswitchable shuttling 
of rotaxanes etc.56 
 Two major types of photochromic compounds are used in the synthesis of these 
macrocyclic compounds: P-type photochromes (photochemically reversible but thermally 
stable) and T-type photochromes (thermally and photochemically reversible).  
 
Figure 1.13: Examples of Azobenzene-based Macrocycles with Varying Cavity Sizes56 
 Figure 1.13 depicts a series of azo- and azoxy-based macrocycles (T-type 
photochromes) all with high affinity for silver cations.57 Upon further investigation of the 
aforementioned, compound 2 was capable of selectively binding the thallium(I) cation, 
whereas compounds 3 and 4 were both found to be quite selective for the potassium 
cation.58 Regarding the use of azobenzene photochromes in macrocyclic compounds, 
Shinkai and co-workers were integral in the synthesis of one of the first examples of such 
compounds.59 Their work revolved around the incorporation of an azobenzene core into a 
series of crown ethers synthesizing benzeneophane-type crown ethers.   
 Alternatively, the integration of P-type photochromic compounds into macrocycles 
has also been undertaken however, there are currently very limited examples of crown ether 
	macrocycles synthesized stemming from the 2-position of the five-membered aromatic ring 
in the diarylethene core. The main focus in diarylethene macrocyclic chemistry stems from 
the functionalization of the outer regions of the bis-aryl cores. This helps to aid in reducing 
any steric or torsional strain that may inhibit the synthesis of these compounds while 
concurrently increasing the cavity space for greater selectivity of larger cations or ligands. 
 
Figure 1.14: Structural Motifs of Diastereomeric Isomers of Diarylethene Boronic Ester Connected Macrocycles60 
 The above examples are merely a fraction of available photoswitchable 
macrocycles present in the literature. The integration of both P-type and T-type 
photochromic compounds in macrocyclic synthesis is critical in understanding the 
limitations that exist when hybridizing two highly applicable, yet independent streams of 
chemistry. 
 
 
 
 
 
 
	1.5 Scope of Thesis 
 This thesis involves the synthesis and characterization of two independent 
photoswitchable macrocycles and their interaction with suitable electron-poor axles aimed 
toward the synthesis of a series of photoswitchable [2]Pseudorotaxanes. Previous work in 
the Loeb research group involved the design of photochromic axles and their interaction 
with standard or commercially available crown ether wheels. Given the success of the 
previous work on photochromic axles, it was determined that a photoswitchable 
macrocycle would be of great interest given their potential for incorporation into a series 
of [2]Rotaxanes. The ability to shuttle a wheel with the use of ultraviolet light gives a new 
level of control that could lead to significant practical application in the future. 
 Initially, a T-type azobenzene derived photochromic compound was chosen. 
Azobenzenes have shown great potential as photochromic compounds and there has been 
an enormous amount of work done on these photochromic systems in the literature.27-30,33,38 
To date, the difficulty with these crown ether macrocycles has been their cumbersome 
synthesis, difficult purification, and basicity.  
 
Figure 1.15: Structural Diagram of Photoswitchable Azobenzene Crown Ether Showing Both Cis and Trans Isomers 
	  In an effort to further develop photoswitchable macrocycles, a new design was 
proposed and was based on a new series of photochromic compounds: the diarylethene 
family. This thesis outlines the synthetic approach taken toward bis(thienyl)ethene based 
crown ethers. 
 
Figure 1.16: Open and Closed-ring Isomers of Generic bis(thienyl)ethene Core27 
 The benefit with the diarylethene systems designed include their high thermal 
stability, particularly with the inclusion of electron-rich substituents at the 2-positions of 
the aromatic “arms”. The electron donation into the p-system through resonance further 
stabilizes and reinforces the p-system causing the significant thermal stability. Finally, the 
design of this system also includes the absence of any possible basic site. Given the fact 
that these systems are known to switch quite well between isomers, it was thought that it 
would be a nicely controllable photoswitchable system.  
 
Figure 1.17: Open and Closed-ring Isomers of Photochromic Diarylethene Crown Ethers 
	 Figure 1.17 depicts the structural differences between the two ring isomers attained 
through irradiation with different wavelengths. Based on PM5 semi-empirical 
computational calculations, it was hypothesized that the open-ring isomer could be 
spacious enough to interact with a series of axles previously synthesized in the Loeb 
research group. Upon non-covalent interaction with the axle, the exposure to ultraviolet 
light would “lock” the wheel into the axle creating a difference in binding affinity in 
comparison with the open-ring isomer. It was proposed that because of the decrease in 
cavity space upon cyclization, the association constant would naturally increase and this 
state would be maintained until an external source of visible light was applied to revert the 
system back to its open-ring isomer. 
 
 
Figure 1.18: Structural Depiction of Both the Open-Ring and Closed-Ring Isomers Interacting with a Previously 
Synthesized Alkyne-Derived Thread 
  
 
  
 
	 
Chapter 2 – An Azobenzene Crown Ether 
2.1 Introduction 
 Macrocycle syntheses are a challenge for synthetic chemists as there is almost 
always a multistep synthetic route with an entropically disfavoured closure of the ring 
involved somewhere (usually at the end) in the synthetic scheme. The synthetic approach 
toward a photoswitchable azobenzene crown ether was no different. The initial design of 
the project included the synthesis of a T-shaped axle similar to others previously 
synthesized in the Loeb research group to afford an axle that would allow for the cis/trans 
isomerism present in azobenzenes to freely switch between each isomer while still 
interacting with the guest axle.  
 
2.2 Organic Synthesis 
 
	Scheme 1: Reaction Scheme for the Synthesis of the T-shaped Alkyne Axle 
 The axle synthesis first involves the bromination of 2,1,3-benzothiodiazole under 
acidic conditions to form compound (1) in high yield. A Suzuki cross-coupling reaction 
using phenylboronic acid followed by a reductive desulfurization reaction using NaBH4 
and a cobalt catalyst proceeds to give the terphenyl 2,3-diamine compound (3) in moderate 
to good yields. This compound is not bench-top stable and must be stored under nitrogen. 
 Iodobenzene was independently reacted with propargyl alcohol under Sonagashira 
cross-coupling conditions and then oxidized using PCC in a DCM/CeliteTM slurry to yield 
compound (8). The p-phenylene diamine derivative compound (3) was then reacted under 
Lewis-acidic conditions using ZrCl4 and the concurrently synthesized phenyl-alkynyl 
aldehyde (8) through a subsequent condensation reaction to yield the neutral axle (12). The 
axle was then protonated through the addition of HBF4·Et2O to give [1-H][BF4]. Although 
difficult due to purification issues and poor overall yield (because of chromatographic 
error), the synthesis of the alkyne-derived axle was completed and a single crystal X-Ray 
structure was elucidated to further confirm what other characterization methods had 
inferred.  
	 
Figure 2.1: Ball and Stick Model of X-Ray Crystallographic Structure of Compound (12). 
 The azobenzene crown ether wheel was prepared through a series of synthetic steps 
beginning with an SN2 substitution reaction between catechol and                                                   
2-[2-(2-chloroethoxy)ethoxy]ethanol to yield the respective diol (11). The diol was then 
doubly protected through a tosylation reaction to introduce a better leaving group in 
compound (14). The ditosylate was then reacted under basic conditions with 4-nitrophenol 
to introduce nitrophenyl groups at the ends of each respective polyether chain to yield the 
respective macrocycle precursor (15). The di-nitro compound was benchtop stable. Under 
strong reducing conditions, refluxing hydrazine with Pd/C, the di-nitro compound was 
reduced to the air sensitive di-amino “pre-crown” ether macrocycle (16) which was stored 
briefly under inert atmosphere until the next synthetic step. Each of the previous steps were 
relatively straight forward in both workup and purification with moderate to high yields. 
The final step of the synthetic approach however, proved to be quite different. The 
nitrogen-nitrogen bond formation required a high dilution synthetic approach under 
oxidative conditions in DMSO for nearly five weeks to minimize polymer formation and 
	maximize ring-closure.44 The crude mixture was filtered over a bed of CeliteTM and worked 
up according to conditions outlined in Chapter 4. 
 
Scheme 2: Azobenzene Macrocyle Synthesis 
 The overall yield of the final pure azobenzene wheel (19) was 6%. This abysmal 
yield can be attributed to a series of factors including the difficulty of extracting a large 
amount of the product from DMSO being the initial issue. DMSO was chosen mainly 
because of its polar aprotic characteristics as well as its weak acidity, making it ideal for 
the strongly basic environment present with the t-BuOK as well as its low toxicity. The 
intramolecular cyclization step is entropically disfavoured, creating a series of larger 
connecting rings. The presence of polymer and oligomers commonly present with 
macrocyclic syntheses caused significant issue in the purification of this compound. Due 
to the high similarities in retention factor between the single, double, and triple rings, 
separation by chromatography was quite challenging with five separations necessary to 
	purify this product in low yield. Once purified, 1H NMR spectroscopy was used with a 
series of different solvents to determine the photoswitchability of this system. 
2.3 Results and Discussion 
Figure 2.2: Top: 1H NMR Spectrum of Azobenzene Macrocycle in CD2Cl2 of the Trans Configuration. Bottom: 1H 
NMR Spectrum of Azobenzene Macrocycle in CD2Cl2 of the Cis Configuration. 
 
 Using a closed-chamber benchtop reactor equipped with 365 nm lamps, an NMR 
tube containing 10mg of compound (2) in 0.5mL of CD2Cl2 was irradiated for intervals of 
10 and 25 minutes to determine whether any further photoconversion would occur with 
added time. As can be seen from Figure 2.2, after 10 minutes of irradiation, compound (2) 
showed nearly 95% conversion from the thermodynamically stable trans isomer to the 
photoirradiated cis isomer displaying excellent promise as a viable photochromic switch. 
These irradiation experiments were repeated in CD3CN showing similar results. 
	 
Figure 2.3: Top: 1H NMR Spectrum of Azobenzene Macrocycle in CD3CN of the Trans Configuration. Bottom: 1H 
NMR Spectrum of Azobenzene Macrocycle in CD3CN of the Cis Configuration. 
 
The 1H NMR spectra in Figure 2.3 show a similar pattern to those in Figure 2.2 however, 
the photoconversion of compound (2) in CD3CN is not as profound; showing only 70% 
conversion by 1H NMR integration after 25 minutes of ultraviolet irradiation. Azobenzene 
systems are known to switch rapidly under ultraviolet irradiation, with this particular 
system following the trend.  
  
 
 
 
 
 
	 The initial project design was to complex the azobenzene wheel with a T-shaped 
alkynyl axle. The wheel would then, upon photoirradiation and reversion, lock itself around 
the less sterically hindered alkyne-section of the axle. However, to initially test the 
interaction potential of this new wheel, a simpler T-shaped 2,4,7-
triphenylbenzimidazolium axle was initially employed for testing.   
 
Figure 2.4: T-Shaped 2,4,7-Triphenylbenzimidazolium Axle19 
 The trans isomer of the azobenzene wheel has a much smaller cavity because of 
the inversion of the azobenzene core and therefore the thread must be irradiated with        
365 nm ultraviolet light in order to isomerize to the much larger cis isomeric cavity before 
it can interact with an appropriate axle for possible complexation. Upon irradiation in 
CD2Cl2, a non-competitive solvent, compound (2) was introduced into a vial with the          
T-shaped axle, sonicated, and then transferred to an NMR tube for spectral analysis. 
Unfortunately, 1H NMR spectroscopy showed no evidence of interaction between the 
wheel and the axle. 
	 
 
Figure 2.5: Top: 1H NMR of Compound (19). Second: 1H NMR of T-Shaped 2,4,7-Triphenylbenzimidazolium Axle. 
Third: 1H NMR of T-Shaped 2,4,7-Triphenylbenzimidazolium Axle with Compound (19). Bottom: 1H NMR of T-Shaped 
2,4,7-Triphenylbenzimidazolium Axle with Compound (19) After UV Irradiation (25 min). All Performed in CD2Cl2. 
 
 Figure 2.5 above provides a stacked display 1H NMR spectra of both the wheel and 
axle in CD2Cl2: each separately, then combined and finally irradiated. It was assumed that 
in the thermodynamically stable trans conformation, the cavity of the wheel was too small 
to interact with any guest molecule however, upon irradiation with UV light, the 
subsequent isomerism would open the ring to the cis isomer and this newly created cavity 
space would be more than sufficient to slip onto a T-shaped thread and easily interact. This 
however, was not the case with this particular thread, as no changes in chemical shift occur 
which does not support any interaction between the two compounds. Oddly, the 
polyethylene glycol peaks between 3 and 4.5 ppm did not shift at all, nor did any new peaks 
form as a result of the UV irradiation. This indicates that not only was there no interaction 
between the wheel and the axle, but previously noted peaks associated with cis/trans 
isomerism were no longer observed even after significant irradiation.  
	 The next step was to try and complex the macrocycle with compound (1) as this 
was the initial project goal. As before, compounds (1) and (2) were introduced in a vial and 
transferred to a 1H NMR tube in CD2Cl2 for spectroscopic analysis. As before, the solution 
was not initially irradiated in order to determine if any non-covalent interaction could occur 
without the necessity to switch the system using UV light. 
  
Figure 2.6: Top: 1H NMR of Compounds (13) and (19). Second From Top: 1H NMR of Compounds (13) and (19) 
Following 25 min. UV Irradiation. Third From Top: Compound [1-H][BF4]. Bottom: Compound (19).  All Performed 
in CD2Cl2 
 
A second series of trials was conducted, this time using [1-H][BF4] as the axle. 
Unfortunately, just as in the previous trials with the other T-shaped 2,4,7-
triphenylbenzimidazolium axle, no interaction or photoactivity was noted; 1H NMR spectra 
were obtained using CD3CN as a solvent as well. The lack of interaction was puzzling 
however; it was hypothesized that either the axles being used were too sterically bulky or 
some sort of conformational lock must be occurring in the wheel such that no notable 
changes to the 1H NMR spectra occurred. 
	  The thermodynamically favoured trans isomer is more basic than the cis isomer 
because of the closer proximity of the N and O atoms. When protonated, the tighter trans 
conformation favours the formation of an intramolecular hydrogen bond because of the 
shorter distance between the N and the O. Although in the neutral state the cis isomer can 
be formed upon irradiation, the wheel undergoes rapid isomerization to the more stable (by 
intramolecular hydrogen bonding) protonated trans conformation. 
 
Figure 2.7: Neutral vs. Protonated Equilibria of Compounds (19) 
 
 Figure 2.7 above shows a summary of the neutral and protonated wheel that occurs 
when the wheel is in the presence of any free proton. Even when the neutral wheel is 
irradiated and the cis form is observed by 1H NMR, upon addition of a proton source, the 
wheel reverts instantly to the “locked” trans conformation observed above. 
 
Figure 2.8: Compound (19) Optimized Geometry Calculated Using PM5 Semiempirical Molecular Orbital Theory 
   
	 Figure 2.8 displays the proposed intramolecular hydrogen bonding between the 
protonated nitrogen and crown-ether oxygen. Using PM5 semiempirical MO calculations, 
the optimized geometry of this protonated wheel was calculated and clearly shows where 
the intramolecular hydrogen bonding occurs. In order to overcome this setback, it was 
thought that utilizing a neutral T-shaped axle with the protonated wheel would induce a 
similar deprotonation, however in the opposite direction; effectively overcoming the 
conformation lock and causing an interaction between the two compounds. Unfortunately, 
this proved not to be the case as the azo group was much too basic to be deprotonated. It 
was thought that a completely different axle without any acidic protons might interact 
better with the neutral azobenzene wheel, inhibiting any possible intramolecular 
conformation lock.  
 
Figure 2.9: Compound (19) Interacting With a 1,2-bis(pyridinium)Ethane Ethyl Ester Axle 
 The above axle was previously synthesized in the Loeb Research Group61 as part 
of a series of bis(pyridinium) ethane axles to complex with a series of 24-membered crown 
ether wheels. This exact system was chosen because of its high solubility, low steric bulk, 
and the absence of any N-H acidic proton that the wheel may once again abstract. 
 
	Scheme 3: Synthesis of a 1,2-bis(pyridinium) Ethane Ethyl Ester Axle61 
 Highlighted above is the synthetic route taken to obtain in poor yield the                  
1,2-bis(pyridinium) ethane axle. Although this particular synthesis exhibited low overall 
yield, the starting materials are all commercially available and inexpensive and therefore, 
large scale syntheses may be undertaken to obtain sufficient axle quite easily. 
 Isonicotinic acid is submitted to acid catalyzed Fischer esterification conditions 
using ethanol under reflux as the appropriate nucleophile. After workup and solvent 
removal, the ethyl ester (24) was obtained in high yield as a clear oil without the need for 
further purification. Compound (24) was then submitted to further substitution conditions 
using excess DBE as the electrophile. Compound (25) was obtained as the dibromide salt 
in poor yield following simple filtration without the necessity for any further workup as a 
white solid. Anion exchange using a saturated ammonium tetrafluoroborate solution gave 
the tetrafluoroborate salt (26), which provides better solubility in organic solvents.61  
	 Upon isolation of the tetrafluoroborate salt, one equivalent was added to a solution 
with compound (19) to observe any possible interaction. Once again, a series of 1H NMR 
spectra were recorded using both CD3CN and CD2Cl2 independently with and without 
ultraviolet irradiation in order to test the hypothesis that only the cis isomer exhibited a 
large enough cavity to interact with any guest axle.  
 
Figure 2.10: Top: 1H NMR Spectrum of 1,2-Bis(pyridinium) Ethane Ethyl Ester Axle. Second: 1H NMR Spectrum of 
Compound (19) Before Irradiation. Third: 1H NMR Spectrum of 1,2-Bis(pyridinium) Ethane Ethyl Ester Axle with 
Compound (19) Following Visible Light Reversion. Bottom: 1H NMR Spectrum of 1,2-Bis(pyridinium) Ethane Ethyl 
Ester with Compound (19) Following 30 Minutes of UV Irradiation. 
 
 As noted above in Figure 2.10, no non-covalent interaction between the wheel and 
axle are observed. This indicates that perhaps the cavity space was too narrow to slip over 
this axle because of the bulky ester functional groups at the 4 and 4’ positions of the axle. 
With the T-shaped series of axles however, the planarity of the system would overcome 
	the steric issue however the presence of the acidic proton on the imidazolium core also 
inhibited any possible interaction.  
 
2.4 Conclusion and Future Work  
 An azobenzene-based crown ether wheel was successfully synthesized alongside a 
T-shaped alkynyl-terphenyl benzimidazolium thread to which the two were meant to 
interact in solution. The two compounds were successfully synthesized, purified, and 
characterized however, due to unforeseen circumstances the crown ether wheel was unable 
to properly interact with this axle as well as a series of other axles. The wheel has shown 
to be an excellent photochromic compound as seen through 1H NMR spectroscopy and 
therefore should eventually be further studied. Once an appropriate axle is discovered to 
effectively interact with the azobenzene crown ether wheel, the synthesis of a novel, 
photochromic, azobenzene-based [2]Pseudorotaxane will be completed. This project has 
the potential to be further explored beyond the formation of a [2]Pseudorotaxane through 
the eventual synthesis of a photochromic, azobenzene-based [2]Rotaxane with the potential 
for translational motion to be controlled through ultra violet irradiation. Future work may 
also revolve around the inclusion of a photo-controllable system into a metal organic 
framework through functionalization of the alkynyl axle with terminal carboxylate groups. 
However, due to the surprising and unforeseen issues noted with the azobenzene system, 
the project was placed on hold for completion at a future date. Instead, the design and 
attempted synthesis of a photochromic bis(thienyl)ethene-based crown ether wheel was 
then undertaken in a short period of time. Future studies on this compound and possible 
derivatives of its design should be undertaken.  Choosing a series of axles containing 
	neither acidic protons, nor significant steric bulk should lead to the successful synthesis of 
a fully photoswitchable azobenzene [2]Pseudorotaxane.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	Chapter 3 – A Bis(thienyl)ethene Crown Ether 
3.1 Introduction 
 The previous chapter discussed the trials and tribulations of the synthesis and 
characterization of an azobenzene crown ether and its attempted interaction with a series 
of varying electron-poor axles with the goal of synthesizing a photoswitchable 
[2]Pseudorotaxane. Although the macrocycle synthesis was successful, with the compound 
proving to be an elegant and effective photochromic compound, it was unable to interact 
with a series of axles, each with different steric and electronic properties.  
 The transition toward the diarylethene family of photochromic compounds, 
specifically, the bis(thienyl)ethene series for incorporation into a crown ether wheel was 
undertaken.  
 The goal behind this project was to design and synthesize a photochromic 
macrocyclic system that overcame the shortcomings of the previously synthesized 
azobenzene crown ether wheel. The diarylethene derived system was chosen for its thermal 
stability, as well as its lack of any significantly basic sites that might lead to deprotonation 
and intramolecular conformational locking, as was observed with the azobenzene 
macrocycle in the previous chapter. These systems are also known to exist in their “open-
ring” isomer exclusively before any irradiation with ultraviolet light, removing the 
necessary irradiation step required for interaction with an axle that was previously observed 
with the azobenzene system.  
 
 
 
	3.2 Organic Synthesis 
 As previously mentioned, the synthesis of crown ether macrocycles has proven to 
be a non-trivial task for synthetic chemists because of the large number of synthetic steps, 
the entropically disfavoured ring-closing reaction, as well as the high difficulty of 
purification associated with these compounds. To determine whether a reasonable and 
concise synthetic route was possible toward the synthesis of a bis(thienyl)ethene 
macrocycle, a smaller “model compound” with the diarylethene core and short-chained 
alkoxide substituents was first designed and synthesized. Once the synthetic approach 
toward this “model compound” was understood and optimized to a certain extent, the 
synthesis of the macrocycle could be undertaken.  
 
Scheme 4: Synthetic Route Toward the bis(thienyl)ethene “Model Compound”  
	 Scheme 4 outlines the synthetic route chosen toward the synthesis of the 
bis(thienyl)ethene “model compound” (30). Commercially available benzothiophene 
underwent addition of iodine at the 2-position of the molecule using nBuLi in THF at -78°C 
to yield 2-iodobenzothiophene (25) in high yield following work-up and flash 
chromatography. Subsequent SNAr substitution using NaOMe/MeOH gave                              
2-methoxybenzothiophene (26) in good yield. A bromination at the 3-position using           
N-bromosuccinimide instead of Br2/HBr was to only afford the monobrominated product 
(27). The next step involved a lithium-halogen exchange reaction using slightly greater 
than one half an equivalent of octafluorocyclopentene as the electrophile at -94°C to ensure 
slower reactivity and higher selectivity toward the di-substituted compound (30). This 
particular reaction setup and execution was quite arduous due to the extreme difficulty in 
the handling of the octafluorocyclopentene. This compound is a liquid at room temperature 
with a density of 1.5 g/cm3 causing it to leak out of any syringe and it also has a very high 
vapour pressure which, in turn causes it to evaporate at an astounding rate. Interestingly, 
this compound also dissolves TeflonTM and therefore only syringes without TeflonTM-
tipped plungers can be used. To add to the list of problems, the stoichiometry of the reaction 
must be exact or a preference toward the mono-substituted compound occurs however and 
because of the high molecular weight of the nucleophile, the amount of OFCP used for 
gram scale reactions is only hundreds of microliters; further adding to accuracy and 
manipulation difficulties.  
	 
Figure 3.1: 1H NMR Spectrum of Compound (30) in CDCl3.  
 Figure 3.1 displays a 1H NMR spectrum of compound (30) displaying singlets at 
3.7 ppm and 4.08ppm due to the presence of both the parallel and anti-parallel conformers. 
In order to further understand and correctly identify this compound, 19F NMR spectroscopy 
was conducted to ensure that only the di-substituted compounds were observed. 
	 
Figure 3.2: 19F NMR Spectrum of Compound (30) inCDCl3.. 
 
 The above 19F NMR spectrum displays three different signals to indicate the three 
different fluorine environments from the parallel and anti-parallel conformers. Each signal 
integrates for a 2:2:2 ratio of fluorine atoms as expected. Despite the observed difficulties, 
especially with regards to the final step of the above synthesis, compound (30) was 
successfully synthesized with relative ease and only minimal synthetic alteration and 
reaction optimization. Given this, it was appropriate to begin the synthesis toward the 
bis(thienyl)ethene derived macrocycle. 
 
 
 
 
	 
Scheme 5: Part 1 of 2 Toward the Synthesis of a Bis(thienyl)ethene Photoswitchable Macrocycle 
 The synthetic route toward this particular wheel was lengthy and is therefore 
divided into two parts. Scheme 5 displays the initial five steps toward the diol “pre-crown” 
(33). Initially, as with the synthetic route toward compound (30), benzothiophene is 
iodinated using nBuLi and a solution of iodine in THF at low temperature in high yield 
(25). A copper(I) catalyzed SNAr substitution using triethylene glycol as the nucleophile 
was then performed in moderate yield (28). NaH was used as the base to deprotonate one 
end of the glycol chain to create a stronger nucleophile, while the copper catalyst is added 
to increase the electrophilicity of the thiophene ring. A subsequent bromination once again 
using NBS, afforded the brominated alcohol in very high yield (29). An alcohol protection 
	using tert-butyldimethylsilyl chloride was implemented (31); by adding such a bulky and 
heavy group to the chain, the overall mass of isolated product would be increased and 
TBDMS groups are known for their excellent thermal stability, under both acidic and basic 
conditions. This is integral as the next reaction involves the use of nBuLi. The addition of 
the TBDMS group after the SNAr reaction is also of importance as it mitigates the need for 
chromatography on a mixture of mono and di-substituted triethylene glycol chain.  
 Following workup and chromatography, the protected alcohol underwent a lithium-
halogen exchange reaction similar to compound (30), to couple the two equivalents of 
protected alcohol to the OFCP bridge (32). The reaction conditions were identical to those 
for the preparation of compound (30) but with the yields reduced. Purification was 
significantly more difficult since any use of ultraviolet light to identify compounds during 
chromatography would now cause an electrocyclic ring closing reaction as the addition of 
the cyclopentene bridge turns on the photochromic properties of this system. The next step 
in the synthesis involves the removal of the TBDMS groups using tetrabutylammonium 
fluoride to afford the “pre-crown” (33). 
	 
Scheme 6: Part 2 of 2 Toward the Synthesis of a bis(thienyl)ethene Photoswitchable Macrocycle 
 Once the diol “pre-crown” was isolated and purification was performed, this 
compound was then submitted to a base-catalyzed tosylation using toluenesulfonyl 
chloride (34). The substitution with tosyl groups was done to introduce excellent leaving 
groups into the system. The final ring-closing step requires another SN2 substitution and 
therefore the effectiveness of the leaving group plays a vital role in the reactivity of the 
electrophile. Subsequent tosylation and purification yielded the di-tosylated “pre-crown” 
compound in high yield. The final step of the synthetic route involves an intermolecular 
“ring-closing” reaction using catechol as the terminal “cap”.  
	 Ring-closing reactions are known for their difficulty because of the high entropy 
barrier present. Polymerization, oligomerization as well as several other by-products such 
as double and triple sized rings are all present in the final crude mixture following 
macrocyclic cyclization reactions.  
 Several attempts utilizing a variety of conditions were undertaken, however, the 
final synthetic step has so far been unsuccessful. The first series of conditions involved a 
high-dilution reaction using MeCN as a solvent and potassium hexafluorophospate salt as 
a source of potassium cation. The purpose of the cation templation is to take advantage of 
the ion-dipole interactions that occur between the oxygen atoms of the crown ether and the 
potassium cation. The cation will non-covalently bind to the oxygen atoms effectively 
keeping two ends of the “pre-crown” much closer together, significantly decreasing the 
entropic barrier. This would allow the catecholate anion to attack both tosyl groups evenly, 
closing the ring.  
 The initial reaction was performed several times with varying solvent 
concentrations however, no final product was isolated. Upon further analysis of the 
literature, the use of both K2CO3 or Cs2CO3 as both a base and a source of cation were 
explored. DMF was employed as a solvent to allow the reaction to be undertaken at higher 
temperature, increasing the reaction rate. Several test reactions were undertaken with both 
the potassium and cesium cations under both high-dilution and slow addition conditions. 
Both techniques when combined, are integral in further lowering the entropic barrier of 
intermolecular cyclization reactions.   
  
 
	Table 3.1: Macrocyclic Cyclization Reaction Trials and Conditions of Compound (34) 
Trial Solvent System Reaction Conditions Result 
1 0.035M MeCN KPF6 as cation source 
1:1 mol/mol compound 
(34)/catechol 
Heating to reflux ~7 days 
Starting material 
used up without any 
indication of final 
compound. 
2 0.015M MeCN KPF6 as cation source 
1:1 mol/mol compound 
(34)/catechol 
Heating to reflux ~7 days 
Starting material 
used up without any 
indication of final 
compound. 
3 0.05M DMF Cs2CO3 as cation source 
1:1 mol/mol compound 
(34)/catechol 
Slow addition of compound 
(34)/catechol in DMF to 
Cs2CO3/DMF mixture over 24 h 
Heating to 100°C for 7 days 
Starting material 
used up. 19F NMR 
of crude indicated 
product. Upon 
purification, no 
final compound 
discovered. 
4 0.035M DMF K2CO3 as cation source 
1:1 mol/mol compound 
(34)/catechol 
Slow addition of compound 
(34)/catechol in DMF to 
Cs2CO3/DMF mixture over 24 h 
Heating to 100°C for 7 days 
Starting material 
used up. 19F NMR 
of crude indicated 
product. Upon 
purification, no 
final compound 
discovered. 
5 0.035M DMF Cs2CO3 as cation source 
1:1 mol/mol compound 
(34)/catechol 
Slow addition of compound 
(34)/catechol in DMF to 
Cs2CO3/DMF mixture over 24 h 
Heating to 100°C for 7 days 
Starting material 
used up however, 
no indication of 
correct compound 
noted by 1H NMR 
spectroscopy. 
 
 Table 3.1 provides a quick summary of attempted reactions conditions that were 
undertaken toward the final step of this macrocyclic synthesis. It should be noted that a 
syringe pump was used for the slow addition reactions. In addition, reaction times of 24 h 
were chosen based on the literature for similar sized crown ethers. Despite the significant 
care and control taken in the reaction setups, polymer and oligomer were still present in 
	the crude mixture whereas no pure, single-ring final product was observed through any of 
the spectroscopic methods undertaken. Samples from the above reactions underwent 
rigorous purification by column chromatography but, 1H NMR spectroscopy, 19F NMR 
spectroscopy, and mass spectrometry all indicated that the expected final wheel was not 
detected in any of the promising fractions. Although these conditions are merely a small 
sample set of what can be tested and optimized, no further time could be afforded toward 
the attempted synthesis of this particular crown ether wheel.  
 
3.3 Summary and Future Work: 
 A “model compound” bearing the bis(thienyl)ethene photochromic core with 
methoxide substituents at the 2-positions of the benzothiophene “arms” was first 
synthesized in order to optimize and understand whether or not such a system could be 
incorporated into a fully cyclized crown ether wheel.  
 Upon successfully synthesizing and optimizing the approach, the attempted 
synthesis and characterization of a photochromic bis(thienyl)ethene-based crown ether 
wheel was attempted. The difficult and time-consuming synthetic route was eventually 
optimized, affording the ditosylate “pre-crown” polyether in seven synthetic steps. The 
synthetic route was relatively straightforward once each reaction and purification 
procedure was optimized however, the lithium-halogen exchange reaction with OFCP 
proved to be quite tedious due to the difficulty in handling the electrophile. The final ring-
closing reaction step requires further optimization and testing as no pure crown ether wheel 
was isolated.  
	 Future work on this project includes the optimization of the final step through which 
the crown ether wheel can be isolated and characterized. Once complete, physical studies 
can occur on the wheels photochemical properties through transient absorption 
spectroscopy as well as kinetic studies on the wheels potential interaction with one or more 
electron poor axles.  
 The overall goal of producing a photochromic crown ether wheel was accomplished 
through the synthesis of the azobenzene-based crown ether wheel however, further work 
on the optimization of the bis(thienyl)ethene-based system must still be undertaken as these 
systems contain a series of interesting properties and applications.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	Chapter 4 – Experimental 
4.1 General Comments 
 All reagents and starting materials were purchased from Aldrich and used as 
received. Deuterated solvents were obtained from Aldrich or Cambridge Isotope 
Laboratories and used as received. THF, DCM, and MeCN were dried upon 3Å molecular 
sieves. Thin layer chromatography (TLC) was performed using both Teledyne Silica Gel 
60 F253 and aluminum backed Silicycle Silica plates and viewed under UV light. Column 
chromatography was performed using Silicycle Ultra Pure Silica Gel (230-400 mesh). 1H, 
13C, and all 2-D NMR spectra were obtained on a Bruker Avance 500 instrument, with 
working frequencies of 500.1 MHz for 1H nuclei and 125.7 MHz for 13C.  Chemical shifts 
are quoted in ppm relative to tetramethylsilane using the residual solvent peak as a 
reference standard. High resolution mass spectrometry (HR-MS) experiments were 
performed on a Waters XEVO G2-XS TOF instrument and completed in ESI positive 
resolution mode. All single crystal X-ray data was collected on a Brüker D8 diffractometer 
with a Photon 100 CCD detector operated at 50 kV and 30 mA with a MoKα radiation. 
Melting points were obtained using an OptiMelt Automated Melting Point System. 
 
 
 	
	4.2 Synthesis of 1 
 
Figure 4.1: Compound 1 
2,1,3-benzothiadiazole (8.00 g, 0.0587 mol) was dissolved in HBr (150 mL) in a 500 mL 
two-necked round bottom flask. A solution of Br2 (9.06 mL, 3 eq, 0.176 mol) dissolved in 
HBr (100 mL) was added dropwise very slowly, and the resulting mixture was stirred at 
reflux for 24 h. The mixture was cooled to room temperature, followed by the addition of 
a saturated solution of NaHSO3 to consume excess Br2. The solution was then filtered, 
washed extensively with cold Et2O and the solvent was removed under reduced pressure. 
The product was isolated as a beige solid; Yield: 14.4 g (84%). 1H NMR (500 MHz, 
chloroform-d) δ = 7.74 (s, 2H). Values obtained were in accordance with literature.22 
 
 
 
 
 
 
 
 
 
 
	4.3 Synthesis of 2 
 
Figure 4.2: Compound 2 
1 (4.20 g, 0.0143 mol), phenylboronic acid (5.23 g, 3 eq, 0.0429 mol), palladium 
tetrakis(triphenylphosphine) (0.825 g, 0.05 eq, 0.000714 mol) and cesium carbonate     
(14.0 g, 3 eq, 0.0429 mol) were added to a 500 mL Schlenk flask under an inert nitrogen 
atmosphere. A mixture of degassed and dried DMF/toluene (1:1 v/v, 250 mL) was added 
to the reaction flask and the resulting mixture was heated to 110°C and stirred for 24 h. 
The mixture was cooled to room temperature, filtered and the solvent removed under 
reduced pressure. The resulting crude brown solid was recrystallized from EtOH. The 
product was isolated as a bright, yellow crystalline solid; Yield: 3.28 g (80%). 1H NMR 
(500 MHz, chloroform-d) δ = 8.02 – 7.91 (m, 4H), 7.80 (s, 2H), 7.62 – 7.41 (m, 6H). Values 
obtained were in accordance with literature.22 
 
 
 
 
 
 
	4.4 Synthesis of 3 
 
Figure 4.3: Compound 3 
2 (3.00 g, 0.0104 mol) was dissolved in a 330 mL mixture of EtOH/THF (3:1 v/v) and 
NaBH4 (2.75 g, 7 eq, 0.0728 mol) was added slowly. CoCl2·6H2O (0.0495 g, 2 mol%, 
0.000208 mol) was then added and the mixture was stirred at reflux for 2 h while monitored 
by TLC (eluent DCM). Over the course of 5 h, an additional 7 eq of NaBH4 and 3 mol% 
CoCl·6H2O were added in increments while the reaction continued to stir at reflux and be 
monitored by TLC. Upon the consumption of starting material by TLC (6h), the reaction 
was cooled to room temperature, filtered and the solvent removed under reduced pressure. 
The crude product was dissolved in of Et2O/H2O (1:1 v/v, 400 mL), followed by an 
extraction of the aqueous phase with Et2O (3 x 150 mL). The organic phase was collected, 
dried over MgSO4, filtered and solvent removed under reduced pressure. The product was 
isolated as a white crystalline solid and immediately stored under an inert atmosphere of 
nitrogen; Yield: 2.44 g (90%). 1H NMR (500 MHz, chloroform-d) δ = 7.52 – 7.35 (m, 
10H), 6.80 (s, 2H), 2.91 (br s, 4H). Values obtained are in accordance with literature.22 
 
 
 
	4.5 Synthesis of 4 
 
Figure 4.4: Compound 4 
1 (1.00 g, 0.00340 mol) was dissolved in absolute EtOH (50 mL) in a 250 mL Schlenk 
flask under an inert nitrogen atmosphere at 0°C. NaBH4 (1.29 g, 10 eq, 0.0340 mol) was 
then added slowly over 1 h. The reaction was allowed to stir at 0°C for 1 h and warmed to 
room temperature overnight. Upon completion, H2O (10 mL) was added and EtOH 
removed under reduced pressure followed by an extraction with DCM (3 x 20 mL). The 
organic phase was collected, dried over MgSO4, filtered and solvent removed under 
reduced pressure. The product was isolated as a light yellow crystalline solid;                  
Yield: 0.83 g (92%). 1H NMR (500 MHz, chloroform-d) δ = 7.74 ppm (s, 2H). Values 
obtained are in accordance with literature.22 
 
 
 
 
 
 
 
 
	4.6 Synthesis of 5 
 
Figure 4.5: Compound 5 
To a reaction mixture of catechol (1.77g, 16.1 mmol), potassium carbonate (22.25 g,         
161 mmol), and potassium iodide (6.7 g, 40.3 mmol) in dried DMF (55 mL, 0.3 M) was 
added 2-(2-chloroethoxy)ethanol (6.7 mL, 64.2 mmol) dropwise. The reaction mixture was 
heated for 3 days at 90°C under nitrogen. The mixture was then cooled to room 
temperature, diluted with water, and extracted with chloroform (3 x 30 mL). The combined 
organic was washed with water, brine, dried over magnesium sulfate, and then concentrated 
under reduced pressure. No further purification was necessary and the isolated product was 
a colourless oil; Yield: 4.46 g (97% yield). 1H NMR (500 MHz, chloroform-d) δ = 6.89 
ppm (m, 4H), 4.15 ppm (q, 4H), 3.91 ppm – 3.65 ppm (m, 12H), 2.61 ppm (br s, 1H). 
Values obtained are in accordance with literature.61  
 
 
 
 
 
 
	4.7 Synthesis of 6 
 
Figure 4.6: Compound 6 
To a stirring suspension of iodobenzene (0.27 mL, 2.45 mmol), Pd(PPh3)2Cl2                             
(17 mg, 0.25 mmol), CuI (2.3 mg, 0.012 mmol), in di-isopropylamine (25 mL, 0.1 M), was 
added propargyl alcohol (0.14 mL, 2.45 mmol) dropwise under N2. The mixture was stirred 
at ambient temperature for 5 h and then the reaction was quenched with water. The 
combined mixture was extracted with Et2O (3 x 20 mL) and the organic layer was washed 
with water and brine, dried over magnesium sulfate, filtered and the solvent removed under 
reduced pressure. The crude compound was filtered over a pad of silica eluting 
Hexanes/EtOAc (4:1 v/v) to yield an orange oil; Yield: 440 mg (96%). 1H NMR (500 MHz, 
chloroform-d) δ = 7.63 ppm (m, 2H), 7.31 – 7.19 ppm (m, 3H), 3.82  ppm  (s, 2H). Values 
obtained are in accordance with literature.63 
 
 
 
 
 
 
 
	4.8 Synthesis of 7 
 
Figure 4.7: Compound 7 
To a stirring solution of 5 (4.5 g, 15.8 mmol) in THF (30 mL, 0.53 M) at 0°C was added a 
NaOH solution in water (11 mL, 8.2 M). A secondary solution of TsCl in THF (6.64 g, 
34.84 mmol, 1.2 M) was added dropwise over 1h and the mixture was stirred further for an 
additional 1h at 0°C. The mixture was removed from the ice bath, warmed to room 
temperature, and 50 mL of 2 M HCl was poured into the mixture to quench. The mixture 
was extracted with benzene (3 x 40 mL), washed with water, NaHCO3, and brine all             
(2 x 40 mL), dried over magnesium sulfate and filtered. The solvent was removed under 
reduced pressure. The crude product was purified via column chromatography eluting 
Hexanes/EtOAc (2:1 v/v) to yield a colourless oil; Yield: 7.7 g (82%). 1H NMR (500 MHz, 
chloroform-d) δ = 7.70 ppm (d, 4H), 7.18 ppm (d, 4H), 6.81 ppm (m, 4H), 4.10 ppm – 3.94 
ppm (m, 8H), 3.66 ppm (q, 8H), 2.31 ppm (s, 6H). Values are in accordance with 
literature.61 
 
 
 
 
	4.9 Synthesis of 8 
 
Figure 4.8: Compound 8 
To a stirring solution of 6 (500 mg, 3.78 mmol) and CeliteTM (1.47 g) in DCM (10 mL,         
0.32 M) at room temperature was added Pyridinium Chlorochromate (1.64 g, 7.6 mmol) 
portionwise. The reaction was allowed to stir for 1.5 h at ambient temperature after which 
Et2O (80 mL) was added and the mixture was filtered through a plug of silica. The solvent 
was removed under reduced pressure to yield a dark yellow oil. No further purification was 
necessary; Yield: 305 mg (62%). 1H NMR (500 MHz, chloroform-d) δ = 9.45 ppm (s, 1H), 
7.61 ppm (dd, 4H), 7.52 ppm – 7.37 ppm (m, 4H). Values obtained are in accordance with 
literature.62 
 
 
 
 
 
 
 
 
 
 
	 4.10 Synthesis of 9 
 
Figure 4.9: Compound 9 
7 (7.7 g, 12.95 mmol) was dissolved in acetonitrile (100 mL, 0.13 M), to which was added 
nitrophenol (3.6 g, 25.9 mmol) and K2CO3 (3.6 g, 25.9 mmol). The reaction was stirred 
vigorously at reflux for 72 h. The reaction mixture was cooled to room temperature after 3 
days and quenched with 1 M HCl (100 mL) and extracted with CHCl3 (3 x 50 mL). The 
Combined organics were washed once with water and brine, dried over magnesium sulfate, 
filtered and the solvent removed in vacuo. The crude mixture was purified by column 
chromatography eluting Hexanes/EtoAc (1:1 v/v) initially, followed by a polarity increase 
to EtOAc/Hexanes (2:1 v/v) to a light brown solid; Yield: 5.13 g (75%). M.P. = 57°C. 1H 
NMR (500 MHz, chloroform-d) δ = 8.15 ppm (dd, 4H), 6.93 ppm (m, 8H), 4.23 - 4.17 ppm 
(m, 8H),  3.98 – 3.90 ppm (m, 8H). 13C NMR (126 MHz, chloroform-d) δ = 204.61, 200.85, 
199.03, 195.07, 194.06, 192.32, 192.20, 182.70, 181.80, 180.75, 180.59.  
 
 
 
 
	4.11 Synthesis of 10 
 
Figure 4.10: Compound 10 
4-bromobenzaldehyde (8.6 g, 46.3 mmol) was added to a round bottom flask containing 
THF (40 mL, 0.9 M) to which propargyl alcohol (2.2 mL, 35.6 mmol) was added dropwise 
with a syringe followed by Et3N (20 mL). After stirring for 5 minutes, Pd(PPh3)2Cl2        
(250 mg, 0.36 mmol) and CuI (67 mg, 0.36 mmol) were added to the mixture under N2. 
The mixture was then heated in an oil bath at 60°C for 16 h before it was cooled to room 
temperature and quenched with water. The aqueous mixture was extracted with Et2O           
(3 x 40mL) and the combined organics were washed once with water, once with 2 M HCl 
(30mL), and once with brine (40mL). The mixture was dried over anhydrous sodium 
sulfate, filtered and the solvent removed under reduced pressure. The product was purified 
by column chromatography on silica (eluent DCM) initially followed by a mixture of 
EtOAc/Hexanes (1:1 v/v) to yield a light green/yellow solid; Yield 3.2 g (56%). 1H NMR 
(500 MHz, chloroform-d) δ = Values obtained are in accordance with literature.62 
 
 
 
 
 
 
	4.12 Synthesis of 11 
 
Figure 4.11: Compound 11 
To a reaction mixture of catechol (2 g, 18.13 mmol), potassium carbonate (25 g,                  
181 mmol), and potassium iodide (7.52 g, 45.3 mmol) in dried DMF (75 mL, 0.24 M) was 
added 2-[2-(2-chloroethoxy)ethoxy]ethanol (10.5 mL, 72.35 mmol) dropwise. The reaction 
mixture was heated for 3 days at 90°C under nitrogen. The mixture was then cooled to 
room temperature, diluted with water, and extracted with chloroform (3 x 40mL). The 
combined organic was washed with water (1 x 40mL), brine (1 x 40mL), dried over 
magnesium sulfate, and then concentrated under reduced pressure. No further purification 
was necessary and the isolated product was a colourless oil; Yield 5.23 g (77%). 1H NMR 
(500 MHz, chloroform-d) δ = 6.91 ppm (dd, 4H), 4.21 ppm (q, 4H), 3.87 ppm (q, 4H), 3.79 
– 3.61 ppm (m, 16H), 2.65ppm (br s, 2H). Values obtained are in accordance with 
literature.61 
 
 
 
 
	 
4.13 Synthesis of 12 
 
Figure 4.12: Compound 12 
To a stirring solution of 3 (600 mg, 2.3 mmol) in CHCl3 (60 mL, 0.04 M) was added ZrCl4 
(53 mg, 0.23 mmol) and the reaction was stirred for 20 minutes upon which 8 (300 mg,  
2.3 mmol) was added in one portion. The reaction was allowed to stir for 24 h open to room 
air before it was filtered over a bed of CeliteTM and the solvent removed under reduced 
pressure. The crude product was purified by column chromatography (eluent CHCl3). The 
purified solid was then recrystallized using hot ethanol (20 mL) to yield a white solid;  
Yield: 36 mg (5%). M.P.  > 225°C (Dec.). 1H NMR (500 MHz, DCM-d) δ = 9.83 ppm NH 
(s, 1H), 8.03 ppm (s, 2H), 7.67 ppm (s, 2H), 7.61 – 7.37 ppm (m, 13H). 13C NMR (126 
MHz, DCM-d) δ = 152.90, 140.1, 134.48, 133.35, 132.64, 130.65, 129.34, 128.11, 126.78, 
117.78, 88.82, 75.64. HR-MS m/z found: 372.1581, calc: 372.4721. 
 
 
 
 
	4.14 Synthesis of 13 
 
Figure 4.13: Compound 13 
12 (20 mg, 0.053 mmol) was dissolved in Et2O (15mL), to which HBF4-OEt2 (7.3µL,  
0.053 mmol) was added. The solution was stirred vigorously in a vial for approximately 20 
minutes until a white solid crashed out of solution. The solid was filtered and dried under 
N2 to yield a white solid; Yield: 20 mg (82%). M.P. > 250°C (Dec.). 1H NMR (500 MHz, 
DCM-d) δ = 7.69 – 7.62 ppm (m, 12H), 7.55 ppm (d, 2H), 7.30 ppm (m, 1H), 7.27 ppm 
(m, 2H). 13C NMR (126 MHz, DCM-d) δ = 159.70, 143.3, 140.92, 136.91, 132.92, 132.65, 
129.59, 128.41, 127.80 126.40, 119.38, 89.12. 
 
 
 
 
 
 
 
 
	4.15 Synthesis of 14 
 
Figure 4.14: Compound 14 
To a stirring solution of 11 (11.8 g, 31.6 mmol) in THF (100 mL, 0.32 M) at 0°C was added 
a NaOH solution in water (30 mL, 8.2 M). A secondary solution of TsCl in THF (13.24 g, 
69.4 mmol, 1.2 M) was added dropwise over 1 h and the mixture was stirred overnight at 
0°C. The mixture was removed from the ice bath, warmed to room temperature, and 2 M 
HCl (50 mL) was poured into the mixture to quench. The mixture was extracted with 
benzene (3 x 60 mL), washed with water (2 x 50 mL), NaHCO3 (2 x 50 mL), and brine     
(2 x 50 mL), dried over magnesium sulfate and filtered. The solvent was removed under 
reduced pressure. No further purification was necessary and a colourless oil was isolated; 
Yield: 21.4 g (99%). 1H NMR (500 MHz, chloroform-d) δ = 7.65 ppm (d, 4H), 7.29 ppm 
(m, 4H), 6.80 ppm (s,4H), 4.08 ppm (m, 8H), 3.73 ppm (t, 4H), 3.63 – 3.40 (m, 12H), 2.52 
ppm (s, 3H), 2.35 ppm (s, 3H). Values obtained in accordance with literature.61 
 
 
 
	4.16 Synthesis of 15 
 
Figure 4.15: Compound 15 
14 (21.4 g, 31.3 mmol), p-nitrophenol (11 g, 78.3 mmol) and K2CO3 (10.8 g, 78.3 mmol) 
were dissolved in MeCN (275 mL, 0.11 M) and stirred rapidly under N2 at reflux for 72 h. 
The reaction was cooled to room temperature and quenched with 1 M HCl (100 mL). The 
mixture was filtered over CeliteTM, the solvent removed under reduced pressure, and the 
aqueous phase extracted with CHCl3 (4 x 50 mL). The organics were washed extensively 
with saturated K2CO3 (60 mL), water (3 x 60 mL) and brine (3 x 60 mL), dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure. No further 
purification was necessary and a light brown oil was isolated; Yield: 17 g (89%). 1H NMR 
(500 MHz, chloroform-d) δ = 8.14 ppm (m, 4H), 6.94 ppm – 6.88 ppm (m, 8H), 4.19 ppm 
– 4.12 ppm (dd, 8H), 3.87 ppm (m, 8H), 3.72 ppm (m, 8H). 13C NMR (126 MHz, 
chloroform-d) δ = 149.2, 128.2, 121.4, 116.5, 113.2, 72.42, 71.39, 68.22, 61.45. HR-MS 
m/z found: 616.6104, calc: 616.6201. 
 
	4.17 Synthesis of 16 
 
Figure 4.16: Compound 16 
15 (17 g, 28 mmol) was dissolved in hot EtOH (800 mL, 0.035 M) and added to 10% Pd/C 
(587 mg, 5.5 mmol) under N2. Hydrazine hydrate (5.35 mL, 110.4 mmol) was then added 
dropwise and the reaction was stirred vigorously under reflux for 4 h. The mixture was 
removed from the heat and filtered hot over CeliteTM. The solvent was removed under 
reduced pressure and a clear oil was stored under N2 for later use; Yield: 14.8 g (96%). 1H 
NMR (500 MHz, chloroform-d) δ = 6.92 ppm (m, 4H), 6.78 ppm (m, 4H), 6.60 ppm (m, 
4H), 4.19 ppm (m, 4H), 4.09 ppm (m, 4H), 3.95 ppm – 3.62 ppm (m, 16H), 3.41 ppm (br 
s, 4H). 13C NMR (126 MHz, chloroform-d) δ = 152.04, 150.91, 122.23, 115.23, 70.82, 
68.23, 67.11. HR-MS m/z found: 556.2854, calc: 556.6623. 
 
 
 
 
	4.18 Synthesis of 17 
 
Figure 4.17: Compound 17 
2-propyn-1-ol (0.5 mL, 8.65 mmol) was dissolved in DCM (10 mL, 0.9 M) to which 
dihydropyran (800 mg, 9.5 mmol), and pyridinium p-toluenesulfonate (110 mg,                
0.43 mmol) were added and the reaction stirred for 16 h at room temperature. The mixture 
was quenched with excess solid K2CO3 and stirred for a further 30 minutes, filtered over 
CeliteTM and the solvent removed under reduced pressure. The crude oil was purified via 
vacuum distillation at 70°C to which a clear oil was isolated; Yield: 1.12 g (93%). 1H NMR 
(500 MHz, chloroform-d) δ = 4.78 ppm (t, 1H), 4.26 ppm – 4.18 ppm (m, 2H), 3.80 ppm 
(q, 1H), 3.49 ppm (m, 1H), 2.38 ppm (s, 1H), 1.79 ppm – 1.53 ppm (6H). Values obtained 
are in accordance with literature.64 
 
 
 
 
 
 
 
 
 
	4.19 Synthesis of 18 
 
Figure 4.18: Compound 18 
To a stirring solution of 17 (1.12 g, 8.0 mmol) under N2 in THF (15 mL, 0.44 M) at -78°C 
was added n-BuLi (5.25 mL, 8.4 mmol) dropwise and stirred for 10 minutes. The mixture 
was warmed to 0°C to which CH3I (0.55 mL, 8.8 mmol) was added dropwise and the 
mixture was left to warm to room temperature overnight. The mixture was quenched with 
a saturated solution of NH4Cl (30 mL), the solvent removed under reduced pressure and 
the aqueous medium extracted with DCM (3 x 30 mL). The combined organics were 
washed with water (40 mL), then brine (2 x 40 mL), dried over magnesium sulfate, filtered 
and the solvent removed under reduced pressure to produce a clear oil. No further 
purification was necessary; Yield: 810 mg (66%). 1H NMR (500 MHz, chloroform-d) δ = 
4.75 ppm (t, 1H), 4.38 ppm – 4.09 ppm (q, 2H), 3.87 ppm (m, 1H), 3.50 ppm (t, 1H), 1.88 
ppm (s, 3H), 1.86 ppm – 1.44 ppm (m, 7H). Values obtained are in accordance with 
literature.65 
 
 
 
 
 
 
 
	4.20 Synthesis of 19 
 
Figure 4.19: Compound 19 
16 (11.8 g, 21.21 mmol) was dissolved in a mixture of DMSO/t-Butanol (80:20 v/v 800 
mL, 0.03 M) to which 10.24 g of potassium tert-Butoxide (91.22 mmol) was added. The 
mixture was stirred at ambient temperature bubbling oxygen into the mixture for 4 weeks 
(checking by NMR daily). The mixture was filtered over CeliteTM to remove any polymer 
and the t-Butanol was removed under reduced pressure. The DMSO mixture was diluted 
with several liters of water and the mixture was extracted extensively with EtOAc (6 x 100 
mL). The combined organics were washed heavily with water (5 x 100 mL) and brine                      
(4 x 100 mL), dried over magnesium sulfate, filtered and the solvent removed under 
reduced pressure. The crude was filtered over silica (eluent acetone) to remove any 
remaining polymer or oligomer followed by purification using column chromatography 
eluting DCM/Acetone (10:1) isolating an orange oil; Yield: 400 mg(4%). 1H NMR (500 
MHz, DCM-d) δ = 7.72 ppm (m, 4H), 7.09 ppm (m, 4H), 6.88 ppm (m, 4H), 4.45 ppm (t, 
4H), 3.92 ppm – 3.78 ppm (t, 4H), 3.66 ppm – 3.31 ppm (m, 16H) (trans);6.86 ppm (m, 
4H), 6.77 ppm (s, 8H), 4.07 ppm (m, 4H), 3.85 ppm (m, 8H), 3.71 ppm (s, 12H) (cis). 13C 
NMR (126 MHz, DCM-d) δ = 169.94, 161.40, 134.77, 132.07, 123.94, 121.22, 116.65, 
71.19, 69.90, 68.39, 67.25. HR-MS m/z found: 553.2550, calc: 553.6212 
	4.21 Synthesis of 20 
 
Figure 4.20: Compound 20 
To a stirring solution of 18 (810 mg, 5.25 mmol) in methanol (10 mL, 1.2 M) was added 
p-TsOH (100 mg, 0.525 mmol) and the mixture was stirred for 24 h at room temperature. 
Excess solid K2CO3 was added to the mixture and stirred an additional 30 minutes. The 
mixture was filtered and the solvent removed under reduced pressure. The crude oil was 
purified via vacuum distillation at 80°C to yield a colourless oil; Yield: 131 mg (36%). 1H 
NMR (500 MHz, chloroform-d) δ = 4.23 ppm (q, 2H), 3.49 ppm (s, 1H), 1.86 ppm (t, 3H). 
Values obtained are in accordance with literature.65 
 
 
 
 
 
 
 
 
 
 
 
 
	4.22 Synthesis of 21 
 
Figure 4.21: Compound 21 
20 (111 mg, 1.6 mmol) was dissolved in DCM (6 mL, 0.3 M) and the flask was charged 
with MnO2 (1.4 g, 16 mmol) and stirred at room temperature for 18 h monitoring by TLC 
(eluent CHCl3). The mixture was filtered over CeliteTM and the solvent removed to yield a 
clear oil. No further purification was necessary; Yield 94 mg (86%). 1H NMR (500 MHz, 
chloroform-d) δ = 9.64 ppm (s, 1H), 1.92 ppm (s, 3H). Values obtained are in accordance 
with literature.66 
 
 
 
 
 
 
 
 
 
 
 
 
 
	4.23 Synthesis of 22 
 
Figure 4.22: Compound 22 
Isonicotinic acid (1.23 g, 10 mmol) was dissolved in EtOH (20 mL, 0.5 M) and H2SO4   
(0.5 mL) was added to the mixture. The mixture was refluxed for 24 h, cooled to room 
temperature, and 1 M Na2CO3 (20 mL) was added to quench the reaction. The solvent was 
removed under reduced pressure and the aqueous mixture was extracted with Et2O                
(3 x 20 mL). The mixture was dried over magnesium sulfate, filtered, and the solvent was 
removed under reduced pressure to isolate a colourless oil. No further purification was 
necessary; Yield: 1.4 g (91%). 1H NMR (500 MHz, chloroform-d) δ = 8.76 ppm (d, 2H), 
7.84 ppm (d, 2H), 4.41 ppm (q, 2H), 1.41 ppm (t, 3H). Values obtained are in accordance 
to literature.67 
 
 
 
 
 
 
 
 
 
	4.24 Synthesis of 23 
 
Figure 4.23: Compound 23 
To a stirring solution of 22 (1.22 g, 8.1 mmol) in MeCN (75 mL, 0.11 M) was added 
dibromoethane (3.5 mL, 40.35 mmol) and the mixture was heated to reflux for 72 h. The 
solution was cooled to room temperature and of a white solid was filtered from the mixture. 
No further purification was necessary; Yield: 117 mg (4%). 1H NMR (500 MHz, 
chloroform-d) δ = 8.96 ppm (d, 4H), 8.52 ppm (d, 4H), 5.24 ppm (s, 4H), 4.51 ppm (q, 
4H), 1.44 ppm (t, 6H). Values obtained are in accordance with literature.67 
 
 
 
 
 
 
 
 
 
 
 
	4.25 Synthesis of 24 
 
Figure 4.24: Compound 24 
23 (117 mg, 0.2 mmol) was dissolved in a minimal amount of water and heated and stirred 
simultaneously. A saturated solution of NH4BF4 was added dropwise until a clear 
crystalline solid crashed out of solution yielding 20 mg of the tetrafluoroborate salt (20% 
yield). No further purification necessary. 1H NMR (500 MHz, chloroform-d) δ =8.96 ppm 
(d, 4H), 8.52 ppm (d, 4H), 5.24 ppm (s, 4H), 4.51 ppm (q, 4H), 1.44 ppm (t, 6H). Values 
obtained are in accordance with literature.67   
 
 
 
 
 
 
 
 
 
 
 
	4.26 Synthesis of 25 
 
Figure 4.25: Compound 25 
Benzothiophene (20 g, 149 mmol) was dissolved in THF (160 mL, 0.93 M) under N2 at -
78°C to which n-BuLi (103 mL, 164 mmol) was added dropwise via dropping funnel over 
1h. The mixture stirred for an additional 1 h at low temperature before I2 (42 g, 164 mmol) 
in THF (240 mL, 0.69 M) was added dropwise. The mixture stirred for an additional hour 
before slowly warming to room temperature overnight. The mixture was quenched with 
saturated NH4Cl (100 mL) and the solvent removed under reduced pressure. The mixture 
was extracted with EtOAc (4 x 60 mL), washed with saturated Na2S2O3 (2 x 50 mL) and 
brine (2 x 50 mL). The combined organics were dried over magnesium sulfate, filtered and 
the solvent removed under reduced pressure. The crude oil was purified via flash 
chromatography (eluent hexanes) producing a light yellow solid; Yield: 35.3 g (91%). 1H 
NMR (500 MHz, chloroform-d) δ = Values obtained are in accordance with literature.68 
 
 
 
 
 
 
 
 
	4.27 Synthesis of 26 
 
Figure 4.26: Compound 26 
25 (500 mg, 192 mmol) and CuI (72.5 mg, 0.38 mmol) were added to a flame-dried Schlenk 
flask and the flask evacuated and filled with N2. A sodium methoxide solution (3.4 mL,     
5 M) was added to the reaction flask and the mixture stirred vigorously at 60°C for 72 h. 
The mixture turns dark blue upon addition of base and was cooled to room temperature 
after the reaction period. Water (15 mL) was added and the mixture was filtered over 
CeliteTM to remove any remaining catalyst. The mixture was extracted with EtOAc (3 x 20 
mL), washed with brine (2 x 15 mL), dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude was purified over a pad of silica (eluent DCM) 
and the product can be identified by a purple fluorescence yielding a yellow solid; Yield: 
297 mg (93%). 1H NMR (500 MHz, chloroform-d) δ = 7.62 ppm (d, 1H), 7.52 ppm (d, 
1H), 7.28 ppm (t, 1H), 7.18 ppm (t, 1H), 6.35 ppm (s, 1H), 3.98 ppm (s, 3H). Values 
obtained are in accordance with literature.68 
 
 
 
 
 
 
 
	4.28 Synthesis of 27 
 
Figure 4.27: Compound 27 
To a stirring solution of 26 (100 mg, 0.61 mmol) in THF (6.5 mL, 0.1 M) at 0°C was added 
NBS (120 mg, 0.67 mmol) portionwise and the mixture stirred overnight. The reaction was 
quenched with saturated Na2S2O3 (20 mL), the solvent removed under reduced pressure 
and the mixture extracted with Et2O (3 x 20 mL), and washed with brine. The mixture was 
dried over magnesium sulfate, filtered and the solvent removed under reduced pressure. 
The crude mixture was purified via column chromatography eluting hexanes/CHCl3 (3:1 
v/v) producing a clear liquid was isolated; Yield: 94 mg (63%). 1H NMR (500 MHz, 
chloroform-d) δ = 7.66 ppm (dd, 2H), 7.44 ppm (d, 1H), 7.30 ppm – 7.25 ppm (d, 2H), 
4.08 ppm (s, 3H). Values obtained are in accordance with literature.69 
 
 
 
 
 
 
 
 
 
	4.29 Synthesis of 28 
 
Figure 4.28: Compound 28 
Triethylene Glycol (6.1 mL, 46 mmol) was dissolved in DMF (150 mL, 0.15 M) at 0°C 
and Sodium Hydride (1.1 g, 46 mmol) was added to the stirring solution portionwise. The 
mixture stirred for 20 minutes before heating to 80°C and stirring an additional 30 minutes. 
27 (3 g, 11.53 mmol), and CuI (440 mg, 2.3 mmol) were introduced and the mixture was 
stirred for 72 h at 80°C. The mixture was cooled to room temperature, quenched with water 
(30 mL), filtered over CeliteTM and the filtrate extracted with EtOAc (3 x 30 mL). The 
organics were washed extensively with both water (3 x 30 mL) and brine (2 x 30 mL) to 
remove any lingering DMF, dried over magnesium sulfate, filtered and the solvent removed 
under reduced pressure to yield a clear oil. No further purification was necessary; Yield: 
1.46 g (45%). 1H NMR (500 MHz, chloroform-d) δ = 7.62 ppm (m, 1H), 7.53 ppm (q, 1H), 
7.27 ppm – 7.24 ppm (m, 1H), 7.20 ppm – 7.17ppm (m, 1H), 6.37 ppm (s, 1H), 4.30 ppm 
(q, 2H), 3.89 ppm (m, 2H), 3.75 ppm – 3.69 ppm (m, 6H), 3.62 ppm (m, 2H), 2.35 ppm (br 
s, 1H). 13C NMR (126 MHz, chloroform-d) δ = 138.52, 131.97, 124.53, 122.66, 121.23, 
72.58, 71.12, 70.34, 69.27, 61.72. HR-MS m/z found: 283.1004, calc: 283.3523. 
 
 
 
 
 
	4.30 Synthesis of 29 
 
Figure 4.29: Compound 29 
28 (1.46 g, 5.2mmol) was dissolved in THF (52 mL, 0.1 M) and stirred vigorously at 0°C 
for 5 minutes. NBS (1 g, 5.7 mmol) was added portionwise and the reaction was stirred 
overnight at 0°C. The reaction was quenched with saturated Na2S2O3 (20 mL), the solvent 
removed under reduced pressure and the mixture extracted with EtOAc (3 x 20 mL), and 
washed with brine (30 mL). The organics were dried over magnesium sulfate, filtered and 
the solvent removed under reduced pressure to isolate a clear oil. No further purification 
required; Yield 1.4 g (100%). 1H NMR (500 MHz, chloroform-d) δ = 7.63 ppm (dd, 2H), 
7.39 ppm (m, 1H), 7.26 ppm (t, 1H), 4.39 ppm (d, 2H), 3.90 ppm (d, 2H), 3.76 ppm – 3.69 
ppm (m, 6H), 3.60 ppm (t, 2H), 2.72 ppm (s, 1H). 13C NMR (126 MHz, chloroform-d) δ = 
159.70, 136.24, 130.48, 125.42, 122.28, 72.58, 70.85, 70.41, 69.40, 61.76. HR-MS m/z 
found: 362.0109, calc: 361.2542. 
 
 
 
 
 
 
 
	4.31 Synthesis of 30 
 
Figure 4.30: Compound 30 
27 (959 mg, 3.9 mmol) was stirred in THF (22 mL, 0.1 M) under N2 at -94°C and n-BuLi 
(2.7 mL, 4.33 mmol) was added dropwise and stirred for 1.5 h. Octafluorocyclopentene 
(290 µL, 2.17 mmol) was added very slowly and the mixture stirred an additional 1.5 h at 
low temperature. The reaction was warmed to room temperature slowly and quenched with 
methanol. The solvent was removed under reduced pressure and the crude mixture was 
poured into water where it was further extracted with CHCl3 (4 x 10 mL), washed with 
water (15 mL) and brine (2 x 10 mL), dried over magnesium sulfate, filtered and the solvent 
removed under reduced pressure. The crude mixture was purified via column 
chromatography eluting hexanes/EtOAc (7:1 v/v) to yield a clear oil; Yield: 20 mg (21%). 
1H NMR (500 MHz, chloroform-d) δ = 7.69 ppm (d, 2H), 7.41 ppm (m, 4H), 7.28 ppm (m, 
2H), 4.13 ppm (s, 3H parallel), 3.70 ppm (s, 3H antiparallel). 19F NMR (470 MHz, 
chloroform-d) δ = -98.60 ppm, -109.44 ppm, -121.99 ppm. HR-MS m/z found: 371.3211, 
calc: 371.2391.  
 
 
 
	4.32 Synthesis of 31 
 
Figure 4.31: Compound 31 
To a stirring solution of 29 (1.98 g, 5.5 mmol) in DCM (8 mL, 0.7 M) was added pyridine 
(0.5 mL, 6 mmol) followed by a solution of TBDMSCl (2.5 g, 16.4 mmol) in DCM (3 mL, 
5.5 M) dropwise at 0°C. The reaction stirred for 16 h and was warmed slowly to room 
temperature. The mixture was quenched with 1 M HCl (20 mL), the solvent removed under 
reduced pressure and the aqueous layer extracted with DCM (3 x 2 0mL), washed with 1M 
HCl (20 mL) and brine (2 x 20 mL). The solvent was dried over magnesium sulfate, filtered 
and removed under reduced pressure to yield a red oil. No further purification necessary; 
Yield: 2.2 g (89%). 1H NMR (500 MHz, chloroform-d) δ = 7.66 ppm (m, 2H), 7.42 ppm 
(t, 1H), 7.28 ppm (m, 1H), 4.40 ppm (t, 2H), 3.91 ppm (dd, 2H), 3.79 ppm – 3.57 ppm (m, 
12H), 0.91 ppm (q, 9H), 0.10 ppm (m, 6H). 13C NMR (126 MHz, chloroform-d) δ = 157.07, 
139.21, 136.30, 132.96, 130.53, 125.48, 122.37, 120.72, 70.91, 69.43, 62.79, 25.72, 18.41, 
-5.23. HR-MS m/z found: 475.0979, calc: 475.5121. 
 
 
 
 
 
 
	4.33 Synthesis of 32 
 
Figure 4.34: Compound 34 
31 (2.2 g, 4.63 mmol) was dissolved in THF (25 mL, 0.1 M) and stirred at -94°C. n-BuLi 
(3.15 mL, 5.04 mmol) was added dropwise to the mixture and stirred for 1h. 
Octafluorocyclopentene (280 µL, 2.1 mmol) was added slowly and the reaction stirred for 
an additional 1.5 h at low temperature before slowly warming to room temperature 
overnight. The mixture was quenched with MeOH (30 mL) and the solvent was removed. 
The crude mixture was poured into water and extracted with DCM (4 x 20 mL). The 
combined organics were washed with water (30 mL) and brine (2 x 20mL), dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure. The crude oil 
was purified by column chromatography eluting hexanes/EtOAc (4:1 v/v) with a gradient 
up to hexanes/EtOAc (2:1 v/v) to push the remaining di-substituted product out. A light-
yellow oil was isolated; Yield: 207 mg (15%). 1H NMR (500 MHz, chloroform-d) δ = 7.67 
ppm (d, 2H), 7.43 ppm – 7.38 ppm (tt, 4H), 7.28 ppm (m, 2H), 4.35 ppm (d, 4H), 3.87 ppm 
(m, 4H), 3.77 ppm – 3.65 ppm (m, 12H), 3.55 ppm (t, 4H), 0.89 ppm (t, 18H), 0.07 ppm 
(q, 12H). 13C NMR (126 MHz, chloroform-d) δ = 156.93, 139.21, 138.15, 130.36, 129.25, 
125.44, 122.36, 114.93, 103.67, 72.34, 67.34, 25.47, 18.45, -5.23. 19F NMR (470 MHz, 
	chloroform-d) δ = -105.87 ppm, -117.75 ppm, -131.07 ppm. HR-MS m/z found: 965.3407, 
calc: 965.2601. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	4.34 Synthesis of 33 
 
Figure 4.33: Compound 33 
To a stirring solution of 32 (297 mg, 0.31 mmol) in THF (5 mL, 0.06 M) was added a 
solution of TBAF in THF (1 M, 0.46 mL, 0.46 mmol) dropwise at 0°C under a flow of N2. 
The mixture darkened instantly and was stirred for 16 h before it was warmed to room 
temperature and quenched with saturated NaHCO3 (30 mL). The solvent was removed and 
the mixture was extracted with EtOAc (3 x 20 mL), washed with water (20 mL), brine        
(2 x 20 mL) and dried over magnesium sulfate. The mixture was filtered and the solvent 
removed under reduced pressure to yield a light-yellow oil; Yield: 225 mg (96%). 1H NMR 
(500 MHz, chloroform-d) δ = 7.67ppm (d, 2H), 7.45 – 7.35 ppm (m, 4H), 7.31 ppm – 7.25 
ppm (m, 2H), 4.35 ppm (m, 4H), 3.86 ppm (m, 4H), 3.73 ppm – 3.58 ppm (m, 16H), 2.22 
ppm (s br, 2H). 13C NMR (126 MHz, chloroform-d) δ = 157.23, 139.32, 135.54, 129.21, 
125.81, 123.92, 122.51, 121.15, 102.97, 75.13, 72.52, 71.16, 70.51, 69.47, 61.82, 58.90. 
19F NMR (470 MHz, chloroform-d) δ = -105.87 ppm, -117.76 ppm, -131.06 ppm. HR-MS 
m/z found:736.1668, calc: 736.8435. 
 
 
	4.35 Synthesis of 34 
 
Figure 4.34: Compound 34 
33 (230 mg, 0.31 mmol) was dissolved in THF (10 mL, 0.031 M) and stirred at 0°C for 5 
minutes A solution of NaOH in water (0.16 M, 5 mL) was added dropwise to the THF 
solution followed by the dropwise addition of a TsCl (150 mg, 0.78 mmol) solution in THF 
(5m L, 0.15 M). The mixture was stirred at 0°C for a further 1.5 h until it was quenched 
with 1M HCl (15 mL), extracted with DCM (3 x 20 mL), washed with saturated NaHCO3 
(20 mL), water (20 mL), and brine (20 mL). The combined organics were dried over 
magnesium sulfate, filtered and the solvent removed under reduced pressure to isolate of a 
beige solid; Yield: 322 mg (98%). 1H NMR (500 MHz, chloroform-d) δ = 7.93 ppm (d, 
4H), 7.67 ppm (d, 4H), 7.42 ppm – 7.36 ppm (m, 4H), 7.28 ppm – 7.25 ppm (m, 4H). 13C 
NMR (126 MHz, chloroform-d) δ = 157.32, 144.35, 139.11, 138.56, 132.54, 130.39, 
129.73, 128.54, 125.43, 122.37, 113.67, 102.43, 70.53, 69.24, 68.32, 22.59. 19F NMR (470 
MHz, chloroform-d) δ = -105.77 ppm, -117.71 ppm, -131.04 ppm. 
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